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Abstract—The effects of proton irradiation on the static (dc) TABLE |
and dynamic (switching) performance of high-voltage 4H-SiC POWER SEMICONDUCTORMATERIAL PARAMETERS
Junction Barrier Schottky (JBS) diodes are investigated for the
first time. In contrast to that observed on a high-voltage Sip — i Material [ Si GaAs 4H-SiC  6H-SiC
— n diode control device, these SiC JBS devices show an increase Ee 1.12 1.42 323 3.03
(degradation) in series re5|stan_ce1(ls), a Qecrease (|mp_roveme_nt) n x10™  18x107 35x10~ 1.6x10-°
of reverse Ieak_age current, and increase (improvement) in blocking eIV S) 1350 3500 650 370
voltage after high-fluence proton exposure. Measured breakdown 370 50
voltages of post-irradiated SiC diodes increase on average by iy 5 -
about 200 V after irradiation. Dynamic reverse recovery transient Ec (MV/cm) 0.3 04 2.0 24
measurements show good agreement between the varioug Vsar (107) 1.0 2.0 2.0 2.0
observations regarding differences between high-power SiC and 4 (Wicm's) 1.5 0.5 4.5 4.5
Si diodes, and show that SiC JBS diodes are very effective in BFOM 1 15.6 130 110

minimizing switching losses for high-power applications, even
under high levels of radiation exposure.

Index Terms—Diode, junction barrier Schottky (JBS), proton  power electronics systems mainly due to their fast switching
radiation, Schottky barrier diodes (SBD), silicon carbide (SiC). speeds compared to Si, their low switching losses, and their
ability to operate in extreme environments such as high temper-
I. INTRODUCTION ature (e.g., to 500C) and/or under high levels of radiation. The
radiation literature on SiC devices is very limited, and studies to
ggte have been centered on terrestrial detector systems. 4H-SiC
eutron detectors, for instance, have been demonstrated with
o significant degradation of detection efficiency after neutron
ences up to X 10'7 n/cm? [3]. Devices based on 6H-SiC
ave shown negligible degradation of device characteristics for
gamma radiation doses up to 100 Mrad, but showed significant
degradation with neutron irradiation for fluences in excess of
&&1016 n/cm? [4], [5].

ILICON carbide (SIC) is a promising candidate for high
ower and high-frequency applications because of its wi
bandgap # 3 eV) and excellent thermal/electrical propertie§I
[1]. Table I lists some important semiconductor material para
eters for power device applications. Compared to Si, SiC enjo
an order of magnitude improvement in critical field strengt
(K¢), twice the saturation velocityf.:), and three times the
thermal conductivity X). Baliga's figure-of-merit (BFOM) [2]
suggests that SiC should have more than an order of magnit . . . . .
theoretical advantage over Si for unipolar power devices. SiC-m earlier studies, the effects of high-dose gamma irradia-

based devices are very attractive for military and space-baé@ on unterminated 4HTS'C Schottky diodes and 8i€ —
S104 interface was examined [6], and no observable degrada-
tion in the diode forward and reverse characteristics up to a
Manuscript received July 16, 2003; revised September 23, 2003. This widetal dose of 4 Mrad(Si) was observed. Measured breakdown
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Fig. 2. Schematic of the test circuit used in the reverse recovery transient
measurements.

both before and after proton irradiation to ensure enough results
for analysis. Bothdc andac characteristics were measured and
compared. The low-voltage forward and reverse current-voltage
characteristics were measured using an Agilent 4155 Semicon-
ductor Parameter Analyzer. Reverse breakdown measurements
II. EXPERIMENT were performed using a Tektronix 371 high voltage curve tracer.
Circular SBD and JBS diodes with diameters ranging frofror reverse recovery measurements, the inductive switching test
100 m to 400 um were fabricated at Auburn University oncircuit shown in Fig. 2 was used. In this test circuit, the de-
4H-SiC n+ wafers having a 30m thick 1 x10'® cm™2 n- epi- Vice-under-test (DUT) is connected as a “freewheeling” diode
taxial layer grown at Cree, Inc. The active JBS regions, togetHaparallel with an inductive load. This circuitis designed to pro-
with the floating guard ring structures needed for proper edyile adl, /dt of —10 A/ pusec.
termination, were formed using Al (i.e., p-type) implantation at
high temperatures. The guard rings as welhasmplants used IIl. RESULTS AND DISCUSSION
in forming the JBS active region wereibn in width, while the
JBS ring-to-ring spacingW{’) varied from 3um to 5 pm. Al
implants were annealed at 16@0 as has been described in the Fig. 3 shows typical forwardccharacteristics of a JBS diode
literature [7]. The guard ring-to-guard ring spacing and numbweiith 3 ym JBS ring spacing and seven guard ring termination,
for a given device design was chosen after extensive calibratemth before and after 510'* p/cm? irradiation. As is widely
quasi 3-D simulations to optimize the breakdown properties kiiown, adequate edge termination is critical in power devices
the device in question. A high quality thermal oxide followed bin order to minimize field crowding at the device edges and
a 1 pm poly-Si layer, which was then converted to oxide, walsence maximize breakdown voltage [2]. The termination struc-
used for surface passivation. Ni was deposited for the backstdee used here employs multiple floating guard ring structures
ohmic contacts and annealed at 190For 2 min in vacuum, carefully optimized via calibrated simulations, and has proven
followed by evaporation of Ti and Au for decreased contact r& be very effective at providing sufficient termination without
sistance. Schottky contact openings were formed by selecteghancing processing complexity [8].
RIE followed by a BOE etch through the passivation and im- The low-injection region of the/ — V' curve shows little
mediate loading into the metallization chamber for Ni Schottkghange after irradiation, suggesting that proton exposure does
contact evaporation. Schottky contacts were completed withriot degrade the Schottky contact of the device (i.e., the barrier
and Au overlayers. The thickness of Ni, Ti, and Au were 12@emains unchanged at 0.94 eV). In addition, however, the for-
150, and 80 nm respectively. A schematic cross-section andrd voltage drop clearly increases at higher currents due to
top-down photograph of the fabricated JBS diodes is shownproton-induced series resistance. The series resistahjén¢
Fig. 1. the SBD diodes have identical structures to JBS diodagases dramatically in the case of the JBS diode shown, from
except that there is no p+ regions under the Schottky contac®5 2 (pre-rad) to 12.1MS2 (post-rad). Our Previous research
Proton irradiation of the SiC SBD, SiC JBS, and the paclshowed little or no degradation &, after gamma irradiation,
aged commercial $ — i — ncontrol diode (UF1007) was per-even up to 100 Mrad total dose, which suggests that SiC device
formed at the Crocker Nuclear Laboratory Cyclotron Facilitfpehavior depends strongly on the radiation type. Our results are
University of California at Davis, using 62.5 MeV protons, taepeatable, however, across many devices on separate samples,
a total fluence of 5103 p/cm?, with terminals floating. We indicating that the effect is real. The source of the added resis-
tested over 50 samples on three different dies of 4H-SiC diodasce after irradiation is either due to: 1) added contact resis-

Fig. 1. SiC JBS structure with floating guard ring edge termination.

A. dc Characteristics
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Fig. 3. Forward current-voltage characteristics of the seven guard riFé?' 4. Enlarged forward current-voltage characteristics of the terminated

terminated 4H-SiC JBS diode, before and after proton exposure. Inset: enlari eds'c JBS and SBD diodes, before and after proton exposure.

J-V characteristics of the seven guard ring terminated 4H-SiC JBS and SBD
diodes (10Q:m diameter), before and after proton exposure.

4 r/a
m Before irradiation

tance from the metal itself; 2) a decrease in substrate dopi ® After irradiation

level due to carrier removal by proton-induced charge trappir °
[9], [10]; or 3) a radiation-induced change in the carrier mc
bility due to cattering of the carrier by the charged traps, or
combination of the three. In order to eliminate potential conta
resistance changes, we remeasured{iWecharacteristics of the
JBS diode using a Kelvin contact (i.e., force bias on one prol
and measure on the other probe) in order to eliminate cont: 2F
resistance, obtaining in this cagg = 7.2 M. A measure- - - -
ment of resistance of the metal itself shows an increase frc P S yp—
5-15( for pre-radiation samples to 1.2—%® for post-radi- 2 3 4 5 100 (Schottky)
ation samples. The relative resistance change of the metal s Spacing (um)
gests that proton exposure has changed the surface chemistry
of the metal, but clearly does not explain the total resistan€@. 5. Forward voltage drop as a function of guard ring numbers for SiC
change. Displacement damage can also de-ionize dopant imfpifes before and after proton exposure.
rities and/or introduce traps into the SiC epi, thereby leading
to an increase in series resistance from the bulk of the wat@llection under forward current flow. This is not unexpected
[11]-[13]. From theC' — V" measurements on the SBD, we obhecause as the effective doping in the active region decreases,
tained 2-5<10'* cm ™~ epi effective doping level, down from the depletion region of the p-n structure expands. Thus, the ef-
a starting value of 1-210'®> cm ™2 in the active region of the fective area of the Schottky contact region is smaller, leading
device (i.e., reverse bias can only probe a finite volume of thé higher forward voltage drop and a severe series resistance
wafer). The carrier removal rate is 10-16 /cm calculated froficrease. MEDICI simulations were used to confirm this anal-
C-V results. This suggests that proton-induced dopant de-igJsis. According to the simulations, the current at high injection
ization also plays a role in the resistance increase after pro&ibwed a decrease of almost two orders of magnitude with a
exposure. doping change from %10 to 2x10'* cm~2 for these JBS

Fig. 4 is the enlarged portion of thé-V" characteristics of structures. For an ideal Schottky diode, however, the decrease
the same JBS diode from 1.5 to 2.5 V, comparing it to a stais-within one order of magnitude. However, all of the SBDs in
dard terminated SBD diode. Both SBD and JBS diodes presdémt study (only 10Qum diameter) also show a strong increase
similar forward-bias performance, before and after radiation. & forward voltage after irradiation. This difference is actually
show the influence of the p+ region on the radiation responseresult of the contribution from the p+ edge termination. That
the forward voltage drop at fixed current densitgt® A/cm?) s, if the SBD is a small diode with guard rings at the edge, the
for different spacings before and after irradiation is shown influence of the p+ guard ring can also cause a dramatic de-
Fig. 5. The voltage drops after irradiation are much higher thanease of high injection current. Thus, we can conclude that at
those before irradiation for different spacings of the JBS strulow doping, the JBS structure is not as effective at improving
ture. Also of note is a more obvious increase of forward voltagerward current-voltage characteristics. For small diodes, the
drop as the spacing decreases for the post-radiation diodes. Tifisience of p+ edge termination to theV characteristics of
is due to the decrease of effectiveness of JBS structure itsdiese diodes is more significant. For comparison to these SiC
That is, the effective epi doping change leads to a decreaseeasdults, Fig. 6 shows theE— V' characteristics of the commer-
the active area and, thus, decreases the effectiveness of curt&itSi p—i—n diode (area and type of termination structure are

Ve (V)
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Fig. 6. Forward current-voltage characteristics of theSi-n diode before - ) )
and after proton exposure. Fig. 7. Reverse current-voltage characteristics of the terminated 4H-SiC JBS

diode before and after proton exposure.

unknown). The Sp-i—ndiode shows much stronger degrada- 1078
tion in the low-bias region, consistent with G/R center produc-
tion and lifetime changes in the device epi region. Interestingly,
we also see a significant series resistance increase after proto
exposure, presumably also due to dopant de-ionization.

A surprising result is that we consistently obsendearease
in the reverse current of the SiC diodes after radiation (Fig. 7),
which is opposite to the (expected) degradation observed in the
Si diode (Fig. 8). The reverse current density of the SiC diodes
decreases from 1.610~7 A /cm? to 7x10~% A /ecm? at 10 V.
For the Si diodes, on the other hand, the current dramatically
increases from 6.8107° A to 1.4x10~7 A at 10 V, consis-
tent with radiation-induced G/R center production and hence
lifetime reduction. For the SiC devices, this result is actually
consistent Wlt_h an_ egrller report usig®IC, which Indlcat?d Fig.8. Reverse current-voltage characteristics of the-Bindiode before and
that electron irradiation can have a pronounced annealing &ter proton exposure.
fect on carrier lifetime in 6H-SiC epi [16], although this has
not been observed to our knowledge using protons. Low effec- _ 1ggg U L
tive doping level due to carrier removal effect of proton irradia- < JBS (3um spacing) .
tion also could also influence the reverse current at low reverse 8, 1600 diameter =100um
voltage, since the JBS diode has wider depletion areain the junc-£ 1400
tion at the same voltage, resulting in a smaller Schottky contact2
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area. This is important especially at low reverse voltage, given £ 1200 PR R
that the Schottky area could still contribute leakage current at © 1000 L’ N
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We have observed that the breakdown voltage actually in- @
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creases in these SiC JBS diodes after proton exposure, which i€® 600 ? | | | | | | |
similar to what have been observed in Si detectors after neutron

irradiation [17]. This is one of a few instances when radiation 0 1 2 3 4 5_ 6 7
actually improves device characteristics. For the Si p-i-n diode, Number of Guardring

however, the breakdown voltage has no obvious change andlgie—9 Compa ¢ d breakd | .
. . L. . .9. parison of measured breakdown voltage of the JBS diode between
mains around 1300 V. Fig. 9 shows the radiation-induced changg and post-irradiation as a function of number of guard rings used in the edge
in breakdown voltage as a function of number of guard ringgmination.
used in the termination structure of the SiC diodes. The average
increase in breakdown voltage is 220 V, a significant improveharge in the5i0,/SiC passivation layer [6], [18]. A negative
ment. Clearly, the effectis not strongly dependent on the numtsenface charge increases the depletion layer spreading, thus
of rings, although a gradual saturating trend at high guard ringducing the effects of field crowding at the device edge, and
count is apparent. A peak blocking voltage in this technology tifereby increasing the breakdown voltage. Given the similar
1780 V after 5x10** p/cm? exposure is achieved. observed trends in the blocking voltage, a similar explanation
We have previously observed a similar breakdown voltage certainly plausible here, even though the radiation type
increase in unterminated SiC SBD diodes after gamma ia-different. In addition, however, we note that the dopant
diation and attributed that to an increase of negative surfagde-ionization needed to explain the series resistance increase
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Fig. 10.. Reverse recovery transient waveforms comparing the SiC JBS angfgi. 11. Reverse recovery transient waveforms comparing the pre- and
p—i—ndiodes. post-irradiated Sp—i—ndiode.

would also improve the breakdown voltage, and thus itis likely [ .  Refd Zoom: '2.0X fleﬁt " 2.0X Horz
that a combination of both effects in operative here. Usingf. .- .. .- .. .- .. .+ - : : -
calibrated MEDICI simulations [19], the breakdown voltage | : : : : I sicJBS Witth‘uard rings

for the planar diode structure was calculated for both surfacet I (3um spacing)
charge changes as well as doping level changes. The simulaticf + diameter = 200um -
results suggest that a doping change from10'® cm~3 to MY R S s
7 x10™ ¢cm~3 would cause a 200 V breakdown increase, while | . / : : : :
a negative charge change increase froin67 x 10712 cm—2 N S TS DU TS SPY
to —3.24 x 10~'2 cim~2 would cause a similar increase. Further | - : : : ‘ : : :
experiments involving proton exposure of MOS capacitors will [-- - -« - coo et et T D
be needed to sort this out and is presently underway. r : : : : B : : : :

B. Switching Characteristics - .. Sipindiode
SiC JBS diodes have a negligible reverse recovery currenf™ " i
compared to Sp—i—ndiodes, greatly improving their losses for | : : : I ; : . "
high-power switching circuits (Fig. 10). In the Bii—n struc- S RNERE 250mA 100ns
ture, the observed reverse recovery current is primarily due to
minority carrier storage (set by the carrier lifetime). The JBSQ: 12. Reverse recovery transient waveforms comparing the pre- and
. . L . . . st-irradiated SiC JBS diode.
diode, however, is a majority carrier device (like the SBD), arit
hence has negligible carrier storage under high-injection cur- .
rents. As shown in Fig. 10 for pre-radiation, thepSi—ndiode measuremgnts are obV|ou§Iy 'Iow-voltgge measurements, and
has a reverse recovery current peBk (...) of 930 mA and re- more det_alledac chara_cterlzatlon at hlghetzr,,/dt', and at
verse recovery time{,) of 101 ns, while for the SiC JBS diode,fu" blocking voltage will need to be made, and is presently
I,.r max 1S ONly 62 MA and with &,, of 38 ns. underway.
After radiation, the Sip—i—n diode yields a significantly
decreased reverse recovery current, as shown in Fig. 11. Both
I, max andt,.. dramatically decrease from 930 mA and 101 ns The effects of proton irradiation on the static and dynamic
to 480 mA and 69 ns. This indicates that the minority lifetimperformance of high-voltage 4H-SiC JBS diodes have been
strongly decreases after proton exposure, consistent with gurestigated for the first time. In contrast to that observed on
reverse leakage current observations. Similarly, electron radéahigh-voltage Sp—i—n diode control device, these SiC JBS
tion has been shown to strongly decrease the carrier lifetimedavices show an increase (degradation) in series resistance,
Si power devices [20]. As expected, for the SiC diodes, theredsdecrease (improvement) of reverse leakage current, and
little change after irradiation, although we do still see a treridcrease (improvement) in blocking voltage after high-flu-
of increased!,, max andt,, with proton exposure. For theence proton exposure. Dynamic reverse recovery transient
particular terminated SiC JBS diode shown in Fig. 1,2,,.. measurements shows good agreement between the valgous
remains the same at 62 mA whilg,. increased from 38 to observations regarding differences between high-power SiC
44 ns after proton exposure. These reverse recovery transemi Si diodes, and show that SiC JBS diodes are very effective

IV. SUMMARY
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in minimizing switching losses for high-power applications, [9]
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even under high levels of radiation exposure.

(10]
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